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Quantum coherence plays a fundamental and operational role in different areas of physics. A resource theory has been developed to characterize the coherence of distinguishable particles systems. Here we show that indistinguishability of identical particles is a source of coherence, even when they are independently prepared. In particular, under spatially local operations, states that are incoherent for distinguishable particles, can be coherent for indistinguishable particles under the same procedure. We present a phase discrimination protocol, in which we demonstrate the operational advantage of using two indistinguishable particles rather than distinguishable ones. The coherence due to the quantum indistinguishability significantly reduces the error probability of guessing the phase using the most general measurements. Introduction. -Quantum coherence concerns the possibility to create a quantum state as a superposition of two or more different configurations. Recently, a resource theory of coherence has been proposed, in order to characterize, quantify and exploit coherence [1] [2] [3] [4] [5] [6] [7] . Chosen a reference basis, diagonal and non diagonal states in that basis are called incoherent (free) states and coherent (resource) states, respectively. The free operations to which we have access, in accordance with physical constraints imposed on the system, are the so-called incoherent operations. They cannot create coherence starting from incoherent states. It has been shown that coherence of a quantum state has an operational relevance in the implementation of phase discrimination protocols using distinguishable particles: the robustness of coherence quantifies not only the amount of coherence of a quantum state but also the advantage offered by its presence in a metrology protocol [3, 8] . In the context of quantum thermodynamics, a link between the coherence of a quantum state and the extractable work has been identified [9] , and very recently the role of quantum coherence as a resource for the non-equilibrium entropy production has been pinpointed [10] .
The resource theory of coherence is well defined for singleparticle systems and for systems of multi-distinguishable particles. On the other hand, recently, it has been shown that indistinguishability of identical particles confers on quantum systems original properties that can be used as sources of entanglement to implement quantum information processes, impossible to perform if particles are distinguishable [11] [12] [13] [14] [15] [16] [17] [18] .
In this Letter, we generalize the resource theory of coherence to systems of identical particles, using a particle-based approach that only allows physical labels to address the particles in the system [19, 20] . Our aim is to show how indistinguishability may be a source of operational coherence. Clearly, and in contrast to the case of distinguishable parti-cles, to achieve this we have to consider at least two (identical) particles.
Coherence of identical particle states. -Let us consider, in the no-label formalism [19] [20] [21] , two identical spins (that is particles with a two-level internal state space) in the mixed state
where I stands for "identical", ψ and ψ represent the spatial degrees of freedom and σ and τ are the pseudospins. The coefficients p στ are such that Tr[ρ I ] = 1. Each term |ψσ, ψ τ in the sum is the state of two identical particles, one of which is characterised by ψ and σ, the other by ψ and τ . This state is a global object, which crucially cannot be written as a tensor product of single-particle states, i.e., |ψσ, ψ τ = |ψσ ⊗ |ψ τ .
To define the coherence of this state, an orthonormal basis has to be chosen. Let us now make some considerations in order to opportunely choose a "preferred" basis, depending on the possible operations that can be performed for free on the system. A resource theory requires the identification of a physically and operationally meaningful set of free operations, which enable manipulation of resourceful states. Analogously to the case of distinguishable particles, both singleparticle and two-particle operations on the system are allowed. Identical particles are physically not addressable individually [22, 23] , thus the concept of single-particle operation may seem ill-defined, requiring to differentiate them. Furthermore, as a consequence of the fact that the global Hilbert space is not a tensor product of two single-spin spaces, if a CNOT (free operation for distinguishable particles [6] ) has to be performed, it is not possible to differentiate between the control and the target particle.
Following the procedure to identify and quantify the useful entanglement between identical particles [18] , in order to characterize the quantum coherence we here adopt a framework based on sLOCC, which consists in the identification of specific separate spatial regions to make single-particle and two-particle local measurements. In particular, we choose the basis B I = {|Lσ, Rτ ; σ, τ =↓, ↑}, where |L and |R are two states spatially localized in the separate regions L and R, respectively. If ρ I is diagonal in the chosen basis, it is incoherent, otherwise we say that ρ I is coherent. We point out that if |ψ and |ψ spatially overlap, the measurement regions L and R are taken within the shared spatial region.
For non-identical particles, identified by labels A and B, the state of Eq. (1) would correspond to ρ N I = σ,τ p στ (|ψσ ψσ|) A ⊗(|ψ τ ψ τ |) B . It can be shown that ρ N I is incoherent in the basis B = {|Lσ A ⊗ |Rτ B ; σ, τ =↓ , ↑} (see Supplemental Material). Projecting, on the other hand, ρ I of Eq. (1) on the chosen subspace, we obtain the following state 
where N is a global normalization factor, l = L|ψ , r = R|ψ , l = L|ψ and r = R|ψ are the probability amplitudes of finding one particle in the two spatially separate states |L and |R and η is 1 for bosons and −1 for fermions. Assuming, for instance, l, r = 0, the remaining probability amplitudes l and r are zero if and only if |ψ and |ψ do not spatially overlap [31] . If p ↓↑ = p ↑↓ = 0, the state ρ I does not contain coherence, regardless of the identity of particles. Otherwise, the state is coherent if and only if the particles spatially overlap (are indistinguishable). If they do not overlap, the state is incoherent: non-overlapping identical particles act like non-identical ones.
In the sLOCC framework, incoherent operations, known for non-identical particles, can be straightforwardly translated in the context of identical particle systems. Let us consider for example the CNOT gate. In the standard implementation with non-identical particles, there are individually addressed control and target spins. By analogy, if we have identical particles, we can identify the measurement regions L and R as control and target regions, respectively ( Fig. 1) . Applying it to the state of Eq. (2) when it is incoherent, it can be easily shown that it gives us an incoherent state. Therefore the CNOT gate remains an incoherent operation which transforms incoherent states of identical particles into incoherent states. Phase discrimination protocol by particle indistinguishability. -Our purpose is to determine when the contribution to coherence due to the spatial overlap of identical spins plays an operational role in quantum information processing. It is known that within the context of quantum metrology, quantum o c z / / 0 i 6 Z w 2 n I z f n t W b l 2 U z F X b I j t g J c 9 g 5 a 7 J r 1 m J t J l j E n t g z e 7 E e r V f r z X r / G V 2 y y p 0 D 9 g f W x z d N 2 5 X n < / l a t e x i t > < l a t e x i t s h a 1 _ b a s e 6 4 = " n J z k b t c k 6 + p f Q X I I 3 Y t p 7 S a 0 q o g = "
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The state of two independently-prepared non-identical spins, for instance, |Ψ AB = |ψ ↓ A , ψ ↑ B = |ψ ↓ A ⊗ |ψ ↑ B , is manifestly incoherent in the basis B. Differently, let us consider the corresponding pure state for two independently prepared identical spins
whose projection in the operational subspace spanned by B I is
with the normalization constant N LR = |lr | 2 + |l r| 2 . A non-zero coherence for this state can only stem from indistinguishability (l r = 0). Let us send |Ψ LR in a box where a unitary transformation U k = e iĜφ k (Ĝ is the generator of the transformation) applies one of the phases {φ k } k=1,2 with a probability p k to the state (see Fig. 2 ). The requirement is that U k is a free (incoherent) operation, soĜ = Due to our ignorance of which of the two phases has been applied, the state coming out of the box is in the following classical mixture
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Physically, the effect of the box can be realized withĜ corresponding to the Hamiltonian of two independent spins subject to localized magnetic fields B k L and B k R which randomly occur with a probability p k .
The objective now is to establish which phase has actually been applied. In other words, the phase discrimination game translates in a state discrimination one. The two states |Ψ 1 LR and |Ψ 2 LR are in general not orthogonal: in order to discriminate them, a positive operator-valued measure (POVM) [25, 26] has to be chosen. We look for a POVM described by a set of operators {Π 1 ,Π 2 }, each of which is associated to an outcome of the measurement: if we obtain 1, associated to the operatorΠ 1 , we conclude that the state coming of the box is |Ψ 1 LR , if the result is 2, associated to the operatorΠ 2 , the state is |Ψ 2 LR . The optimal POVM can be obtained by minimizing the probability of making an error in the discrimination, that is the probability of obtaining the result associated toΠ k when the state was |Ψ k LR with k = k. Such a probability is [25, 27] 
Using the property kΠ k = I [26] , we can rewrite Eq. (7) as follows
The minimization of P err is obtained whenΠ 1 is the projector onto the positive eigenvector of the operator ∆ =
Choosing a rotated orthonormal basis |0 and |1 (with |0 slicing in half the angle between |Ψ 1 LR and |Ψ 2 LR ), we can write |Ψ 1 LR = cos θ|0 + sin θ|1 , |Ψ 2 LR = cos θ|0 − sin θ|1 . (9) The positive eigenvalue of ∆ and the associated eigenvector are respectively
where N + = cos 2 θ sin 2 θ + (λ + (p 1 − p 2 ) cos 2 θ) 2 , a = sin(θ)/2 and b = (λ + − (p 1 − p 2 ) cos 2 θ)/(2 sin θ). The optimal POVM, dependent on the spatial overlap of the two spins, is therefore {|+ +|, I − |+ +|} which gives the probability of error
where φ 12 = φ 1 − φ 2 . The probability of error depends on the indistinguishability (l r) and, for the chosen initial state, is independent of the statistics of particles. The latter can instead play a role for the efficiency of the game starting from a different initial state (see Supplemental Material).
Let us fix |l| 2 = |r | 2 = 1/2: when the two particles spatially overlap with |l | 2 = |r| 2 = 1 2 , Eq. (19) reduces tõ
that is zero when ω ↓↑ − ω ↑↓ 2 φ 12 = π/2. The behaviour of P err is displayed in Fig. 3 . In particular in Fig.3 (a) we show, as a function of the phase difference,P err (blue solid line) and the probability of error P err for spatially separated particles (l , r = 0, orange dashed line). This latter case is analogous to that of non-identical particles. Among the two, P err is always smaller. For non-overlapping spins, being the state incoherent, the best guess is to suppose that the most probable phase φ 2 has been applied. The optimal probability of success is P succ = p 2 and so P err = 1 − P succ = p 1 (see orange dashed line in Fig. 3(a) ). In Fig. 3 (b) a contour plot of P err in terms of l and r is shown, in the case φ 12 = π. The optimal choice to minimize P err is to have two overlapping identical spins with |l | 2 ∼ |r| 2 ∼ 1/2.
Conclusions. -In this Letter we have defined the coherence for a system of two identical particles with two-level internal degrees of freedom, in the framework of spatially local operations and classical communication (sLOCC). We have shown that the indistinguishability of identical particles is a source of coherence: while independently prepared distinguishable particles are incoherent under local operations, the analogous configuration with indistinguishable particles can exhibit quantum coherence. In our definition of coherence, one can naturally identify the contribution to coherence exclusively due to the spatial overlap of wavefunctions. In the sLOCC framework, the single-and two-particle incoherent operations known for distinguishable particles are straightforwardly generalized to systems of indistinguishable ones, as we have shown, for instance, in the case of CNOT gate.
We have then exploited the role of this indistinguishabilityenabled coherence in the context of quantum metrology. In particular, we have presented a phase discrimination protocol, for which we can explicitly demonstrate the operational advantage of using indistinguishable rather than distinguishable particles. Concretely, the coherence due to the quantum indistinguishability significantly reduces the error probability of guessing the phase using the most general measurements.
The fact that coherence due to indistinguishability manifests even for systems of independently prepared identical particles may constitute a practical advantage. In fact, from the one hand it could facilitate the state preparation process and, on the other hand, avoids the typical state fragility linked to the quantum superpositions of composite systems [28, 29] .
Our results make it clear that spatial overlap of identical particles plays a role not only in the context of entanglement [11, 12, 18, 30] but also for another fundamental feature of quantum systems, such as coherence, with an impact in any coherence-based quantum information processes.
Let us consider two independently prepared non-identical (N I) spins, identified by the physical labels A and B, in the two-particle mixed state
where Tr[ρ N I ] = 1, ψ and σ describe the spatial and the spin degrees of freedom of the particle A, while ψ and τ of the particle B. Being particles addressable, the framework of spatially local operations and classical communication coincides with the LOCC one. As said in the main text, the operational basis is B = {|Lσ A ⊗ |Rτ B ; σ, τ =↓, ↑}, where |L and |R are two states spatially localized in the regions L and R, respectively. The two regions are chosen such that the probabilities of finding particle A in L and B in R are different from zero. Regardless of the spatial overlap of |ψ and |ψ , ρ N I is incoherent, in fact
where Π L = σ (|Lσ Lσ|) A and Π R = σ (|Rσ Rσ|) B . As a result, the mixed state of Eq. (13) for two independently prepared non-identical particles, being diagonal in the chosen basis, is incoherent.
Dependence of the error probability on the particle-statistics
The phase discrimination game, within the state of Eq. (3) of the main text, is independent of statistics. However, for a generic state this characteristic is not maintained. As an example, let us consider the following state
where |s = a |↑ + b |↓ , with a, b ∈ R, and N the normalisation constant. Projecting |Ψ in the operational subspace spanned by the identical basis B I = {|Lσ, Rτ , σ, τ =↓, ↑}, where |L and |R are localized in two separate regions, we obtain
where |s = alr |↑ + b(lr + ηl r) |↓ , N LR = a 2 (|lr | 2 + |l r| 2 ) + b 2 |lr + ηl r| 2 and η distinguishes bosons (+1) and fermions (−1). The state of Eq. (16) is coherent in B I and in the chosen framework of spatially localized measurements, a contribution to the coherence due only to indistinguishability can be identified when particles spatially overlap (l r = 0). The latter indistinguishabilityenabled contribution plays a statistics-dependent operational role in a phase discrimination game. Let us send |Ψ RL in a box in which a unitary transformation U k = e iĜφ k applies to the state one of the phases {φ k } k=1,2 with a probability p k . Choosing the generator of the transformation aŝ G = στ ω στ |L σ, R τ L σ, R τ |, with σ, τ =↓, ↑, we obtain
When the state comes out of the box, it is in a classical mixture
that represents our ignorance of which phase has been applied to the state. Using Eq. (11) of the main text, the probability of making an error in the discrimination game is now 
where φ 12 = φ 1 − φ 2 . From Figs. 4 and 5 it is easy to see that for certain ranges of the parameters φ 12 and ω στ (σ, τ =↓, ↑), the probability of error using indistinguishable particles is considerably smaller than the one associated to distinguishable ones. In particular, in these ranges, fermions are more advantageous than bosons.
